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The production of coat protein is necessary for cell-to-cell transport of potexviruses in plants. To investigate the role of
coat protein in the movement process, the intracellular distribution of coat protein in tissues infected with either of two
potexviruses was studied using immunocytochemical procedures. We report that coat protein antigens are associated with
the plasmodesmata of infected cells. q 1995 Academic Press, Inc.
The short-distance movement of plant viruses in- immunocytochemical methods. We noticed a particu-
volves their passage between adjacent cells through larly clear association of coat protein antigens with
plasmodesmata (1, 2). Plant viruses code for pro- plasmodesmata of infected cells, which we now de-
tein(s) which facilitates this cell-to-cell transport by scribe.
mechanisms involving diverse structural alterations Leaves of Chenopodium quinoa bearing primary
of the plasmodesmatal channels. Some viruses, ex- chlorotic lesions were harvested 4 days following me-
emplified by the comoviruses, move as intact virions chanical inoculation with foxtail mosaic virus (FMV)
through modified plasmodesmata and thus require or 11 days following inoculation with cactus virus X
coat protein for their movement (3, 4, 5). In contrast, (CVX, barrel cactus strain; 10), times at which primary
other viruses, including the tobamoviruses, undergo lesions were approximately 1 – 2 mm in diameter.
short-distance movement through modified plasmo- Small leaf discs were cut from areas showing lesions
desmata as RNA or RNA – protein complexes (6 and or from equivalent areas of mock-inoculated leaves
references therein). In such cases, unpolymerized and were processed for transmission electron mi-
coat protein is not required for cell-to-cell movement. croscopy and immunocytochemical labeling as de-
The role of the coat protein in the movement of potex- scribed (11). Primary antisera were raised in rabbits
viruses is less well defined. Some mutations in the by intravenous injections of either purified FMV or
coat protein coding sequence of either potato virus X CVX particles. The antisera reacted specifically
(PVX) or white clover mosaic virus prevent cell-to-cell against both virions and depolymerized coat protein
movement of the mutant virus but not the formation (obtained by overnight freezing of virions in 2 M LiCl,
of virions in infected cells (7 – 9). This suggests that pH 8.0) adsorbed onto formvar-coated nickel grids
virion assembly is not the only role of the potexviral and treated with the antisera as described below. Ul-
coat protein and that some amino acid residues or trathin sections of plant tissues were treated with
group of residues may be involved only in assembly FMV or CVX anti-sera diluted 5000-fold in PBSB (20
and others in transport of the virus (7, 9). To investi- mM Na-phosphate, pH 7.0; 0.1 mM bovine serum albu-
gate further a possible role of the coat protein in the min; 0.85% sodium chloride, 1 mM sodium azide; pH
cell-to-cell movement of potexviruses, we have exam- 7.0), then with gold-conjugated goat anti-rabbit anti-
ined the intracellular distribution of the coat protein
bodies (10 nm diameter; Cedarlane Laboratories) di-
in leaves infected by either of two potexviruses, using
luted 50-fold in PBSB. Labeled samples were exam-
ined with a Philips CM-10 electron microscope.
1 To whom correspondence and reprint requests should be ad- The incubation of thin sections of 4-day FMV-in-
dressed at current address: Department of Biochemistry and Mo- fected C. quinoa tissues with anti-FMV serum resultedlecular Biology, University of British Columbia, Vancouver, B.C.,
in the specific labeling of virus particles (Fig. 1). Viri-Canada, V6T 1Z3. Fax: (604) 822-5227. E-mail: gamackie@unixg.ub-
c.ca. ons were usually organized in aggregates in the cyto-
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FIG. 1. Electron micrograph of a thin section of a mesophyll cell of 4-day FMV-infected C. quinoa treated with FMV antiserum. The gold label is
specifically associated with FMV virions (v). ch, chloroplast; cw, cell wall; m, mitochondrion. Electron-dense particles in the cytoplasm are ribosomes.
The bar represents 200 nm.
plasm of infected cells. No other cellular components and 2D). Third, neither a preimmune serum (data not
shown) nor the anti-CVX serum (Fig. 2E) labeled plas-of infected tissues were labeled by the antiserum,
modesmata or any other cellular structure in FMV-including nuclei, chloroplasts, mitochondria (Fig. 1),
infected C. quinoa sections. The result of the latteror inclusions formed by another virally encoded pro-
heterologous incubation largely eliminates the possi-tein named p26 (11; data not shown). Interestingly, in
bility that labeling of plasmodesmata results from theaddition to virion aggregates, a considerable number
recognition of a host protein whose expression is in-of plasmodesmata was also labeled by the FMV anti-
duced during any potexviral infection. Therefore,serum (Figs. 2A and 2B). Although these plasmodes-
these observations indicate the presence of coat pro-mata were only moderately labeled, the quantity of
teins in plasmodesmata of FMV-infected cells.gold particles was significant when compared with
the labeling of control tissues (Fig. 2, compare A and Virus particles were not seen in labeled plasmodes-
B with D; Table 1). Several lines of evidence suggest mata. However, on some occasions, we observed
that the observed labeling results from the specific small aggregates of virus particles, apparently en-
reaction of the FMV antiserum with coat protein anti- closed in a membrane, which were embedded in the
gens. First, not all plasmodesmata were labeled (Ta- cell wall and were labeled by the FMV antiserum (Fig.
3A). These aggregates, in which virions were clearlyble 1). Labeled plasmodesmata were usually those
seen, sometimes occurred near or in continuity withconnecting cells of which at least one could be seen
plasmodesmata (Figs. 3B and 3C).to contain virion aggregates. Second, the FMV antise-
rum did not decorate plasmodesmata in mock-inocu- To extend our findings and test their generality, C.
lated tissues (Fig. 2D; Table 1) or other regions of the quinoa tissues infected with another potexvirus, CVX,
were examined. After 11 days, CVX-infected tissuescell wall in infected or healthy tissues (Figs. 2A, 2B,
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FIG. 2. Localization of coat protein antigens in plasmodesmata of mesophyll cells in C. quinoa leaf tissues infected by potexviruses. Electron
micrographs of thin sections of 4-day FMV-infected (A, B, E), 11-day CVX-infected (C), or mock-inoculated (D) C. quinoa incubated with FMV antiserum
(A, B, D) or CVX anti-serum (C, E). (A) The gold-labeled plasmodesmata (p) connect cells containing FMV virions (arrowheads). (B) A gold-labeled
plasmodesmata (p) cut transversely. (C) A plasmodesma (p) connecting mesophyll cells infected by CVX is labeled by the CVX antiserum. (D)
Plasmodesmata (p) in mock-inoculated C. quinoa are not labeled by FMV antiserum. (E) Plasmodesmata (p) in FMV-infected C. quinoa are not
labeled by CVX antiserum. FMV virions (arrowhead) are present next to the plasmodesma. Electron-dense particles in cytoplasm are ribosomes.
Bars represent 200 nm.
bore primary lesions of size and appearance similar gates of virus particles were not observed near the
cell wall in CVX-infected cells.to those of 4-day FMV-infected tissues. Significant
labeling of a number of plasmodesmata was observed Our results clearly demonstrate the association of
the potexviral coat protein with plasmodesmata of in-in thin sections of CVX-infected tissues incubated
with the CVX antiserum (Fig. 2C; Table 1). Control fected tissues, an observation which has not been
reported previously. In contrast, the movement pro-experiments confirmed the specificity of the labeling:
CVX antiserum did not label plasmodesmata or any tein encoded by open reading frame 2 of potexviruses
(protein p26 of FMV and p25 of PVX) is not found inother structure in mock-inoculated tissues (Table 1)
nor did FMV antiserum label plasmodesmata of CVX- plasmodesmata of infected cells (11, 12).
Mutational analysis of the coat protein in the ge-infected tissues (data not shown). However, aggre-
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nomes of PVX and white clover mosaic virus demon-
strated that coat protein probably plays a role in the
spread of potexviruses in host plants (7 – 9). Mutations
in the coat protein also resulted in the reduced accu-
mulation of the gRNA in infected plants. Thus, it is
possible that one role of the coat protein in movement
is indirect due to lower levels of gRNA produced or
lower levels of expression of other viral proteins in-
volved in movement, including those encoded by open
reading frames 2, 3, and 4. However, the association
of the coat protein with plasmodesmata of infected
cells, but with no other cellular structure or organelle,
which is shown in this report, is consistent with the
involvement of coat protein in viral movement through
plasmodesmata. Our observations may reflect a re-
quirement for coat protein either within plasmodes-
mata during movement or associated with the viral
entity which translocates through plasmodesmata. Al-
ternatively, the presence of coat protein within plas-
modesmata may be a consequence of viral move-
ment. For example, some coat protein may remain
within plasmodesmata following the passage of the
viral entity.
The significance of the small virus aggregates lo-
cated near cell walls and plasmodesmata in FMV-
infected tissues is unclear. Although we did not ob-
serve these aggregates in CVX-infected tissues, Alli-
son and Shalla (13) described similar aggregates in
PVX-infected C. quinoa. Whether these aggregates
are involved in the cell-to-cell movement of (some)
potexviruses or result from a defense mechanism of
the plant which may produce callose to surround viri-
ons and prevent further spread, as suggested earlier
(13), remains to be assessed.
Structural similarities between potexviral and po-
tyviral coat proteins have been documented pre-
viously. Their amino acid sequences are significantly
related (14) and the polymerized coat proteins of both
virus families form flexuous filamentous particles.
There may as well be functional similarities between
these coat proteins. Like potexviruses, the short-dis-
tance movement of potyviruses requires the coat pro-
tein, as demonstrated for tobacco etch potyvirus (15,
16). The results of a recent mutational analysis of the
coat protein of tobacco etch potyvirus clearly suggest
that the potyviral coat protein has three functional
domains, involved in assembly, cell-to-cell movement,
FIG. 3. Virus aggregates are detected near cell walls and plasmodes-
mata in thin sections of 4-day FMV-infected C. quinoa treated with
FMV antiserum. The small gold-labeled virus aggregates, which are
enclosed in a membrane (arrowhead), are embedded in the cell wall
(A) and sometimes near plasmodesmata (B, C). p, plasmodesma. Bars
represent 200 nm.
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TABLE 1
Occurrence of Immunogold-Labeled Plasmodesmata in Mock-Inoculated and Infected C. quinoa Leaves Treated with FMV and CVX Antisera
Labeled plasmodesmata
Average no. gold particles
Serum Tissuea Observed plasmodesmata per labeled plasmodesma
a-FMV Mock 1/42 (2.4%) 2
FMV-infected (4-day) 17/28 (61%) 11
a-CVX Mock 0/31 (0%) —
CVX-infected (11-day) 28/48 (58%) 6
a Since local lesions consist of cells at various stages of infection, the extent of the infection in cells connected by labeled plasmodesmata cannot
be assessed precisely. Cells examined in this study did not display obvious pathological signs other than the presence of virus.
6. Scholthof, H. B., Morris, T. J., and Jackson, A. O., Mol. Plant–Mi-and long-distance transport (15, 16). This may also
crobe Interact. 6, 309–322 (1993).be the case of the potexviral coat protein.
7. Chapman, S., Hills, G., Watts, J., and Baulcombe, D., Virology 191,
223–230 (1992).
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